AD-AO01  958  JAYCOR  ALEXANDRIA  VA  F/8  20/7 

INVESTIGATION  OF  COLLECTION  ION  ACCELERATION  USINfl  INTENSE  RELA— ETC(U) 
FEB  00  F  MAKO  N00173-79-C-0%08 

UNCLASSIFIED  JAYCOR-320-80-002-FR  NL 


NIVESTIGATION  OF  COLLECTION  JON  | 
MCELERATION  ^ING  INTENSE 


^LATIVISTICJLECTRON_BEAM$# 


i  I  Vep 


X,  ll  Zpec-  78-  1 Z 


Frederick/Mako  \ 


Frederick^ 

JAYCOR_Project  No.  6132 
Contrai 


YCORProjei 
abtJto'l  Nflfe 


-32  0  —  -00? ' 


S.  wilting  Street 


Alexandria,  VA.  22304 


Submitted  to; 


Naval  Research  Laboratory 
Washington,  DC  20375 


UNCLASSIFIED 


neuMTr  classification  of  tms  faos 


REPORT  DOCUMENTATION  PAGE 


002-FR 


4.  TITLS  faM  JNMt 


Investigation  of  Collection  Ion  Acceleration 
Using  Intense  Relativistic  Electron  Beams 


S.  TVFO  OF  A  CFO  FT  A  FCMOO  COVCNKO 

Final  Report 
12-11-78  -  12- 


Frederlck  Mako 


JAYCOR 
205  S.  Whiting  Street 
Alexandria*  VA  22304 


It.  eONTKOkUNO  OF  FI  CO  NAM  AMO  AOOMCl 

Naval  Research  Laboratory 
Washington*  DC  20375 


NO0173-79-C^H@tV 


«*.  NOFONT  OAT* 


Code  6701 
Code  6702 
Code  6740 
Code  2627 
DOC 


17.  MSTNOunON  STATOMNT  (1 


CONTENTS 


Page 


I.  INTRODUCTION . 1 

II.  INTENSE  ION  INJECTORS . 4 

III.  WAVE  ACCELERATOR . 13 

APPENDIX  A . . . A-l 

APPENDIX  B . B-l 


By. 

tvci  ■rlVutl.£_”Z — — 

~  Ayr  r-^1  VV 

i  Avail  R'd/ol' 
special 


I.  INTRODUCTION 


Recently  there  has  been  an  increased  Interest  In  a  compact  high 
energy  Intense  light-ion  accelerator.  Some  of  the  areas  of  application  for 
such  an  accelerator  Include  directed  energy  research*  Inertial  fusion  and 
magnetic  fusion.^  The  range  of  desired  properties  for  the  Ion  beam  are  an 
energy  of  from  .1  to  1  GeV  and  an  Intensity  of  from  1013  to  1018  lons/cm2 
per  pulse,  where  the  pulse  length  can  be  from  less  than  one  nanosecond  to 
a  millisecond.  A  compact  accelerator  refers  to  the  longest  length  being  from 
10  to  30  meters. 

A  technological  breakthrough  In  the  generation  of  Intense  relativistic 
electron  beams  (IREB)  has  made  the  above  type  of  Ion  accelerator  realizable. 
The  property  of  an  Intense  relativistic  electron  beam  which  makes  It  useful 
for  Ion  acceleration  is  being  able  to  produce  an  electric  field  strength  of 
about  1  MV/cm  In  the  beam.  As  a  comparison,  conventional  accelerators  pro¬ 
duce  an  electric  field  with  a  strength  of  about  .01  MV/cm.  Although  many 
approaches  exist  for  attaining  the  acceleration  of  positive  Ions  via  the 
collective  electric  field  produced  by  an  Intense  relativistic  electron  beam, 
not  all  approaches  can  be  scaled-up  to  high  Ion  energies.  Scaleablllty  means 
there  Is  a  systematic  procedure  for  maintaining  synchronization  between  the 
accelerating  Ion  and  the  accelerating  electrostatic  potential  well  that  Is 
pushing  the  Ion.  The  requirement  of  scaleablllty  is  one  general  to  any  type 
of  accelerator. 

Only  modest  progress  has  been  made  In  the  last  decade  on  the  scaleable 
schemes  for  accelerating  positive  Ions  using  an  IREB.  It  Is  not  clear 
what  the  exact  reason  Is  for  the  lack  of  progress,  however,  from  the  large 


amount  of  time  spent  thus  far.  It  Is  clear  that  a  new  approach  Is 
necessary* 


The  new  approach  that  has  been  proposed  for  Investigation  by  NRLend 
Is  the  space  charge  wave  accelerator. 


With  the  space  charge  wave  type  of  collective  Ion  acceleration  scheme, 
one  can  expect  a  compact,  efficient  Ion  accelerator  which  Is  capable  of 
producing  high  energy  and  high  current  Ion  beams.  The  Ion  energy  limit 
occurs  when  the  Ion  velocity  equals  that  of  the  electrons.  Thus,  for  an 
easily  producible  1  MeV  electron  beam  about  2  GeV  protons  are  expected. 
Since  a  large  number  of  electrons  are  needed  for  an  Intense  relativistic 
electron  beam,  a  proportional  but  smaller  number  of  Ions  are  expected  by 
momentum  balance.  With  an  accelerating  electric  field  having  a  strength  of 
1  MV/cm,  the  2  GeV  protons  can  be  obtained  In  a  short  accelerator  length  of 
20  meters,  x- — 


The  space  charge  wave  Ion  accelerator  has  great  expectations.  It  Is, 
however,  not  without  problems.  The  most  Important  problem  Is  that  of 
matching  the  Ion  and  wave  velocity.  It  appears  technically  difficult  to 
slow  the  phase  velocity  of  the  fundamental  mode  of  a  space  charge  wave  on  an 
IREB  to  below  .2  to  .3  times  the  speed  of  light.  At  these  velocities  a 
proton  would  have  to  have  an  energy  of  16  to  30  MeV  respectively.  And, 
Intense  (1  kA)  medium  energy  (30  MeV)  proton  sources  do  not  exist  as  yet. 

The  problem  of  velocity  matching  has  two  approaches  suggested:  (1)  develop- 
ment  of  an  Intense  energetic  Ion  source  and  (2)  develop  a  means  for  control¬ 
ling  the  wave  phase  velocity.  The  next  two  sections  present  the  progress 
thus  far  on  the  above  two  approaches. 
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The  next  section  presents  the  current  development  of  an  Intense  Ion  Injector 
and  references  Appendix  A  on  a  completed  Injector  scheme.  The  last 
section  shows  the  present  status  of  the  wave  accelerator  and  presents  the 
final  results  of  a  theoretical  study  on  a  periodic  structure  for  producing 
low  phase  velocities.  Reference  B  presents  a  detailed  theoretical  study 
on  the  periodic  wave  accelerator.  This  Is  a  potential  Injector  scheme. 


II.  INTENSE  ION  INJECTORS 


In  order  to  use  an  ion  Injector  with  a  wave  accelerator  several  criteria 
must  be  met.  The  first  of  course  is  being  able  to  reach  an  energy  of  30  MeY 
for  protons  In  order  to  Insure  loading  of  the  Ions  Into  the  wave  accelerator. 
Not  only  must  the  Ion  and  wave  velocity  match  In  magnitude  but  they  must 
also  be  In  the  same  direction.  This  creates  two  more  conditions,  namely  the 
bulk  of  the  Ion  beam  must  be  traveling  In  the  wave  direction.  In  addition, 
the  ions  must  be  focussed  such  that  the  Ion  and  wave  velocity  vectors  are 
collnear.  The  final  condition  is  that  the  Injector  must  be  capable  of 
repetitive  operation.  This  condition  reduces  contamination.  Typically  In  a 
single  shot  operation  the  vacuum  system  must  be  opened  and  closed  after 
every  shot.  In  addition,  the  rep-rate  condition  allows  rapid  data  acquisition. 
This  makes  possible  definitive  experiments. 

In  Appendix  A  an  Injector  Is  described  which  shows  a  factor  of  7  In  Ion 
energy  multiplication  above  the  electron  energy.  In  addition,  the  energetic 
Ions  are  directed  and  confined  to  the  electron  beam  diameter.  However,  the 
number  of  accelerated  lons/pulse  Is  too  small  to  be  of  Interest.  The  low 
Ion  Intensity  Is  primarily  a  result  of  using  a  low  pressure  gas  to  extract 
Ions  from.  Also,  It  Is  not  clear  how  to  Increase  the  Ion  energy  up  to  the 
required  minimum  wave  phase  velocity*  And  finally,  the  system  cannot  be  repetl 
tlvely  operated  since  a  foil  Is  required  to  Isolate  gas  from  the  diode  region. 

Most  of  these  deficiencies  are  surmounted  In  the  present  work. 

Experimental  results  from  a  follless  Ion  diode  (Fig.  1)  capable  of  repetitive 
pulsing  are  presented.  More  than  101*  protons/pulse  are  observed  In  a 
follless  reflexing  configuration  using  an  800  kV,  20  kA,  50  ns  long  electron 
beam  In  a  20  kG  magnetic  field.  Both  Insulating  (polyethylene)  and  conducting 


(Hg  and  Og  loaded  T1)  anodes  are  used.  Targets  used  Mere  graphite  and  stacks 
of  12.5  ym  of  polyethylene  foils. 

Figure  2  shows  photographs  of  the  anode  structure.  Figure  2A  Is  a 
stainless  steel  housing  which  Is  Insulated  by  macor  from  the  Hg  loaded 
titanium  Ion  source.  Figure  2B  Is  a  photograph  of  the  disassembled  anode 
structure.  Figure  3  shows  photographs  of  the  graphite  target.  The  graphite 
target  and  activation  analysis  is  used  to  determine  the  radial  proton  distri¬ 
butions.  In  Figure  4  each  measurement  has  been  averaged  over  three  shots. 

The  ion  beam  changes  from  a  hollow  beam  with  a  diameter  of  approximately 
that  of  the  Ion  source  at  an  axial  position  of  5  cm  to  a  focussed  beam  at 
15  cm  from  the  anode.  Figure  5  shows  how  tightly  focussed  the  ion  beam 
becomes  at  15  cm.  The  beam  focusses  to  a  radius  of  about  1  cm.  The  very 
small  graphite  rings  (Fig.  3c)  were  used  In  this  determination.  Figure  6 
is  a  plot  which  shows  a  measure  of  the  accelerated  deuteron  distribution. 

The  number  of  deuterons  In  the  second  foil  Is  two  orders  of  magnitude  lower 
than  the  first.  The  energy  of  the  ions  stopped  within  the  first  foil  Is  less 
than  1  MeV.  The  directionality  of  accelerated  ions  Is  four  times  greater 
In  the  forward  direction.  That  Is  there  are  four  times  as  many  Ions  traveling 
to  the  target  (Fig.  1)  than  to  the  cathode. 

This  scheme  satisfies  almost  all  of  the  criteria  set  down  at  the 
beginning  of  this  section.  The  only  deficiency  is  that  the  ion  energy  is  too 
low  for  direct' Injection  Into  a  wave  accelerator.  One  solution  to  this 
problem  Is  to  stage  the  Ion  sources.  By  reversing  the  polarity  of  the  present 
configuration,  l.e. ,  grounding  the  anode  and  setting  the  cathode  at  a 
negative  potential  It  Is  then  possible  to  add  more  Ion  sources  at  ground 
potential.  The  sources  are  axially  separated  In  the  direction  of  beam 
propagation.  The  ion  sources  are  Initiated  externally  and  timed  to  Insure 
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Figure  2.  ANODE 

A.  Assembled  with  Macor  Insulator  and  Hg  Loaded  Titanium  Ion  Source. 

B.  Disassembled. 
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Figure  3.  GRAPHITE  TARGET 

A.  Assembled  Target.  The  diameter  is  7.5  cm. 

B.  Target  disassembled  into  three  equal  area  sections. 

C.  The  target  with  the  center  section  disassembled  Into  three  equal 
area  sections. 
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synchronous  Ion  acceleration  with  the  electron  bean  front.  In  this  way> 
further  energy  may  be  gained  by  the  Ions.  This  approach  Is  going  to  be 
studied  by  computer  simulation  to  Investigate  whether  It  will  be  feasible 
for  an  experimental  study. 


III.  WAVE  ACCELERATOR 


NRL  has  proposed  a  solution  to  the  wave  phase  velocity  problem.  The 
solution  Is  a  pre-space  charge  wave  accelerator.  This  scheme  can  take  Ions 
from  1  MeV  to  30  MeV.  This  accelerator  Is  based  on  exciting  higher  order 
spatial  ha  monies  of  a  variable  period  slow  wave  structure.  The  phase- 
velocity  of  the  first  harmonic  can  have  a  value  near  zero.  A  detailed 
theoretical  study  has  been  carried  out  In  Appendix  B.  From  this  analysis 
It  appears  technically  unfeasible  to  use  higher  order  modes.  The  magnitude 
of  the  accelerating  electric  field  for  the  first  harmonic  Is  about  1/5  as 
large  as  the  field  of  the  fundamental  mode.  In  addition.  In  order  for  Ions 
to  be  accelerated  by  the  above  electric  field,  an  ungainly  and  technically 
difficult  electrically  grounded  structure  must  be  Inserted  Inside  a  hollow 
electron  beam  for  a  distance  of  about  6  meters. 

In  order  to  continue  the  Ion  acceleration  program  by  space  charge  waves 
a  proof  of  principle  experiment  is  proposed.  This  experiment  utilizes  the 
NRL  50  MeV  proton,  low  Intensity  cyclotron  accelerator  as  an  injector  Into 
the  space  charge  wave  accelerator.  This  scheme  does,  however,  not  produce 
an  intense  energetic  Ion  beam  but  does  test  the  feasibility  of  the  space 
charge  wave  accelerator  concept. 

The  remaining  portion  of  this  section  presents  the  progress  on  the 
space  charge  wave  accelerator.  Figure  7  Is  a  schematic  representation  of 
the  converging  guide  type  of  space  charge  wave  accelerator.  In  this  scheme 
Ions  are  trapped  and  accelerated  by  a  negative  energy  space  charge  wave 
traveling  on  an  Intense  relativistic  electron  beam.  The  phase  velocity  of 
the  wave  In  a  conducting  cylinder  depends  on  the  ratio  of  beam  to  wall  radii 
The  phase  velocity  Increases  Inversely  with  this  ratio.  Thus,  the  wave  can 


be  accelerated  by  accelerating  the  bean.  The  bean  can  be  accelerated  by 
passing  It  through  a  metal  tube  with  a  converging  radius. 

In  Figure  7,  Ions  are  Injected  from  the  right  Into  the  electron  bean 
which  Is  propagating  from  right  to  left.  Next*  a  space  charge  wave  Is  excited 
and  grown  around  the  Ions.  Now  Ions  loaded  Into  the  waves  are  accelerated 
by  the  accelerating  wave.  The  electron  beam  Is  then  dumped  and  Ions  are 
extracted  from  the  far  left.  Two  meters  of  magnetic  field  at  a  strength  of 
20  kG  are  required  for  this  system.  The  electron  beam  that  Is  going  to  be 
used  for  this  system  has  an  energy  of  .5  MeV  and  a  current  of  1.4  kA  for 
250  nsec.  Also,  the  electron  beam  generator  Is  rep-ratable.  It  can  be 
operated  at  10  pulses  per  second.  The  current  status  of  the  electron  beam 
generator  will  be  presented  later  In  this  section.  The  trace  that  Is  shown 
In  Figure  7  Is  a  photograph  of  the  machine  voltage  vs  time.  The  high  voltage 
machine  was  used  in  conjunction  with  a  resistive  load. 

In  order  to  understand  the  minimum  phase  velocity  limit  one  must 
examine  the  IREB  dispersion  relation.  Figure  8  Is  the  dispersion  relation 
for  an  IREB  at  different  ratios  of  the  injected  current  (I)  to  the  space 
charge  limit  current  (I4)  of  the  geometry.  I4  Is  the  maximum  current  that 
can  be  transmitted  In  a  given  geometry.  Considering  a  wave  number  of  2  and 
a  ratio  of  I/I£  of  .9, 1.*,  a  +10*  change  In  I/I£,  the  phase  velocity  can 
Increase  by  about  50*.  For  higher  wave  numbers  the  phase  velocity  Is  too 
high.  Ten  percent  fluctuations  on  an  IREB  are  realistic  as  can  be  seen  In 
Figure  10.  However,  fluctuations  In  the  diode  current  can  be  reduced  by 
Inductively  Integrating  the  current.  This  work  Is  currently  In  progress. 
Figure  9  Is  a  photograph  of  the  experimental  set  up.  The  large  tank  off  to 
the  left  of  the  picture  Is  the  high  voltage  generator  and  diode  section. 

Figure  10  Is  a  typical  diode  current  trace.  The  horizontal  scale  Is 
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Figure  10 

DIODE  CURRENT  TRACE 

Horizontal  Scale  200  ns/di v 
Vertical  scale  300  A/dlv 
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200  ns/div  and  the  vertical  Is  300  A/dlv.  After  400  ns  of  operation  the 
current  breaks  Into  an  oscillation.  This  oscillation  occurs  as  a  result  of 
shorting  between  the  anode  and  cathode  gap.  The  diode  shorts  from  closing 
of  the  anode-cathode  gap  by  the  anode  plasma. 

Figure  11  shows  the  damage  produced  by  the  beam  of  electrons  on  a 
luclte  plate.  The  plate  was  located  2  meters  from  the  diode.  The  electron 
beam  was  propagated  In  a  uniform  magnetic  field  of  about  3.5  kG.  The 
damage  represents  the  accumulation  of  damage  from  40  shots.  The  machine  was 
operated  at  1  pps.  The  beam  diameter  Increased  by  50%  from  the  Injection 
point. 

In  summary,  we  now  have  an  operating  electron  beam  generator.  The 
next  stage  will  be  to  grow  and  accelerate  waves.  Then  measure  phase  velocity 
and  field  amplitude.  And  finally,  measure  the  coherence  length  of  the 
generated  waves. 

Completed  theoretical  and  experimental  studies  have  directed  the  space 
charge  wave  accelerator  work  to  a  proof  of  principle  experiment. 
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Figure  11 

Damage  produced  by  electron  beam  on  luclte  plate.  40  shots  9  1  pps 
Beam  propagated  Z  meters  In  3.5  kG  field. 
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A  PAPER  PRESENTED  AT  THE  1979  BOSTON  APS  MEETING 

A  Foilless  Ion  Diode.  C.  Roberson  and  F.  Mako 

Naval  Research  Laboratory— Experimental  results  from  a  foilless  ion  diode 
capable  of  repetitive  pulsing  are  presented.  More  than  1014  protons/pulse 
are  observed  In  a  foilless  reflexing  configuration  using  an  800  kV,  20  kA, 

50  ns  electron  beam  In  a  20  kG  magnetic  field.  Both  Insulating  (polyethylene) 
and  conducting  (Hg  and  Dg  loaded  TI)  anodes  are  used.  Results  on  direction* 
ability  focussing  and  energy  spectrum  of  the  ion  beam  will  be  presented. 
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COLLECTIVE  ION  ACCELERATION  CONTROLLED  BY  A  GAS  GRADIENT 

F.  Mako 


JAYCOR,  Alexandria,  VA  22304 
A.  Fisher,  N.  RoeCoker,  D.  Tsech 
University  of  California,  Irvine,  CA  92717 
and  C.  W.  Roberson 

Naval  Research  Laboratory,  Washington,  D.C.  20375 


Abstrset 


Energetic  alpha  particles  are  observed  when  an 
Intense  relativistic  electron  bean  is  injactad  Into 
a  decreasing  pressure  profile  of  helita  gas.  In  a 
7  kC  external  magnetic  field  up  to  10l°  9  HeV  alpha 
particles  are  detected  on  cellulose  nitrate.  By 
sieving  the  electron  beam  as  an  expanding  "gas" 
of  reflecting  electrons  the  corresponding  Ion  dis¬ 
tribution  Is  calculated  and  compared  to  the  measured 
distribution.  Good  agreement  la  these  results 
supports  the  reflecting  beam  modal  of  Ryutov. 

1.  Introduction 

Crayblll  and  Uglun1  appear  to  have  first  studied 
collective  field  acceleration  of  positive  lone  due 
to  a  relativistic  electron  beam.  The  beam  was 
Injected  Into  a  drift  chamber  which  vaa  uniformly 
filled  with  a  neutral  gas. 

2—5  679 

Many  other  experiments  and  theories  ’  *  have 
followed  and  extended  this  initial  Investigation.  We 
present  experimental  results  for  the  case  when  the 
external  magnetic  field  Is  large  enough  to  radially 
confine  the  beam.8  The  results  are  compared  with 
an  extended  version  of  the  theory  proposed  by  Ryutov. 

In  this  theory,  a  beam  of  electrons  la  confined 
radially  by  an  external  magnetic  field.  Axially 
the  beam  density  la  confined  and  allowed  to 
multiply  by  reflecting  alternatively  off  the 
cathode  and  virtual  cathode  as  It  passes  through 
a  dense  plasma  filled  volume.  Ions  are  accelerated 
out  of  the  plasma  front  by  the  expanding  electron 
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EXPERIMENTAL  APPARATUS  SCHEMATIC 


Figure  1.  Schematic  of  experimental  set-up. 
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2.  Apparatus 

Figure  1  depicts  the  geometry  and  diagnostic 
locations  uasd  la  the  experiment.  This  figure 
represents  a  cross-sectional  view  of  a  cylindrical 

system. 

In  order  to  obtain  a  pressure  gradient  In  the 
large  vacuta  chamber,  where  we  require  the  pressure 
to  be  high  enough  to  allow  full  beam  propagation, 
a  fast  valve  was  developed.  The  vacua  chamber 
la  electrically  grounded  and  made  of  stainless 
steel.  The  beam  is  formed  from  a  graphite  cathode 
(5  cm  dla.)  and  la  Injected  through  a  1  nil  thick 
tltanlia  anode  foil.  The  dashed  llaae  represent 
the  path  of  the  beam. 

In  this  experiment  the  diode  injection  conditions 
were  0.8  MV,  65-70  kA  and  60  ns  (FWBM) .  The  beam 
la  5  cm  la  diameter.  Cellulose  nitrate  film1'*  was 
used  to  measure  the  Ion  energy  and  number. 

3.  Experimental  Results 

Figure  2  la  a  plot  of  the  maximum  helium  Ion 
energy  against  delay  time.  Delay  time  la  defined  to 
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Figure  2.  Maxinun  helium  ion  energy  vs  delay  tlaki. 

Each  point  above  300  us  contains  about 
10*®  Ions. 

be  the  time  that  gas  la  allowed  to  enter  the  vacuum 
chamber  before  the  beam  is  Injected.  Figure  3  trans¬ 
lates  delay  time  Into  pressure  profile.  The  mmber  of 
Iona  at  each  point  la  about  10"  (300-1350  us).  This 
mabsr  la  measured  at  1.7  meters  from  the  anode  over 
the  entire  cross-sectional  area  of  the  chaaber 
(-300  cm*). 


For  delay  times  greater  than  1050  us  the  pressure 
la  to  high  over  neat  of  the  chamber.  This  results  la 
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Helium  Pressure  V.S.  Distance  Pram  Anode 
at  Different  Oeiay  Times 


Figure  3.  lh«  heliiM  pressure  vs  d<»r».v  from  anode 
st  tbrss  different  daisy  times. 


full  been  propagation.  Dm  forward  acceleration  of 
the  beam  front  Is  too  rapid  to  ratain  Iona. 

For  daisy  tinea  balow  600  u*  only  tha  vacuus 
Halt  bssa  la  allowed  to  propagate.  In  this  region 
tha  potential  wall  notion  la  Inhibited  by  the  lack 
of  charge  neutralization.  Figure  4  Illustrates 
these  beaa  transmission  properties. 

Under  the  conditions  of  maximum  ion  energy  which 
occurs  near  S00  us,  east  of  the  transalttad  beaa 
Is  compos ed  of  electrons  with  an  energy  below  300  keV. 
A  faraday  cup  covered  with  tltanlun  foil  la  used 
for  beaa  energy  and  tranaalsslon  asasureaents .  Die 
foil  Is  used  as  an  energy  filter. 


A  slaple  demonstration  of  the  electrons  reflecting 
la  shown  by  Increasing  the  anode  thickness  from  1  to  j 
3  all  tltanlua.  This  reduces  the  trsnsaltted  low  energy 
(>300  keV)  electron  current  (Figure  S). 


Dm  present  model  extends  that  of  Ryutov  by  including 
a  description  of  tha  potential-electron  density  relation 
baaed  on  neasurements  of  the  transmitted  been  current. 
Dils  model  Is  applicable  to  the  experiment  at  a  delay 
time  of  730-800  us.  Referring  to  Figure  3.  This  Is 
so  if  we  consider  that  the  neutral  gas  from  the  anode 
but  to  40  ca  Is  a  plaaka  during  most  of  the  been  plum 
length.  And  by  also  considering  that  very  little  ion¬ 
ization  of  the  gas  occurs  aftar  a  distance  of  40  ca  from 
the  anode. 


We  will  use  a  fluid  description  for  the  Ions: 
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(1) 

(2) 
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vdier s  v  ,  n*  are  tha  Ion  velocity  and  density,  respec¬ 
tively,  q,  M  ere  the  Ion  charge  and  moss,  respectively. 

<p  Is  the  electrostatic  potential,  z  Is  the  axial  posi¬ 
tion  coordinate  with  Its  origin  at  the  plasma  front, 
t  Is  tha  tine  coordinate. 

Equations  (1)  and  (2)  will  be  closed  by  the  potential- 
electron  density  relation  and  tha  osauptlon  of  quasi- 
neutrality. 

By  making  use  of  a  generalized  form  for  the  definition 
of  current  daneity,  which  allows  for  currants  of  • 
different  energy. 


Die  Implication  being  that  electrons  are  axially 
trappad  between  the  cathode  and  virtual  cathode. 
Dieee  electrons  are  forced  to  reflex  many  times 
through  the  anode  foil  and  induced  plasaa  which 
results  In  the  loss  of  electron  energy  parallel  to 
the  magnetic  field  lines. 


Cloclraa  Faraday  Cue  Meamrinaet 


Flgurs  4.  Transmitted  beam  current  vs  delay  time  st 
different  energies. 
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Figure  5.  Reduction  of  low  energy  reflexlng  electrons 
by  increasing  anode  thickness. 
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tha  potential-density  can  than  ba  determined. 


Uhara  a  la  tha  alactron  char (a •  E  la  the  parallel 
(to  the  aagnatlc  field  llnee)  electron  energy •  v  la 
parallel  alactron  velodtyt  J(E)  la  tha  currant 
danalty  with  electron  energy  E.  The  factor  of  2 
accounta  for  total  reflection  of  tha  electron  danalty. 


Fro*  tha  two  data  pointa  for  tha  transmitted  current 
at  800  ya  (Figure  4),  the  shape  of  J(E)  la  strongly 
suggested.  This  data  and  assuming  J(E)  la  none tonic 
la  uaed  to  construct  J(E). 

He  will  aastaw  that  J(E)  has  the  following  form: 


(4) 


J(E> 


•here  J  •  I/A,  1(E)  la  the  tranaaltted  current  and 
A  la  tha  cross-sectional  area  of  the  bean,  a  la 
determined  by  picking  I  •  8  kA  at  300  kaV.  This 
gives  a  *  3.4. 

By  uaing  tha  non-relatlvlatlc  energy  conservation 
relation  for  electrons  and  substituting  Eq.  (4)  la  (3), 
the  Integration  can  ba  coup la ted. 

(3)  n  -  n  (1  +  A/Aa)Vl 

•  o  o 

*SP- |^f 


and  A  la  tha  cathode  potential,  a  la  tha  electron 
as sa.°  To  slapllfy  the  Integration  a  -  3  was  used. 

He  will  now  determine  the  self-similar  solution 
of  Eqe.  (1),  (2).  and  (3)  by  raking  use  of  the 
definitions, 

l/^ 

0  5  v±/vo  ,  *  =  ,  A  3  A/Ao  ,  v#J  |f  — 

and  C  2  s/v^t. 

The  solution  la  completely  determined  when  the 
conservation  of  energy  at  the  plaaae  front  la  used. 
That  is: 

ij—  ♦  A  ■  0  at  s-0 


Number  of  Ions  Vs.  Energy 


Figure  6.  Co^arleon  between  theory  and  experiment 
of  the  natural  logarithm  of  the  neber 
vs  energy  relation. 


3.  Summary  and  Cons  luslons 

The  reflecting  beam  model  initially  proposed  by 
Byutov*  has  been  extended  and  used  to  predict  the 
ion  energy  distribution  subject  to  the  constraints  of 
the  beam  current-energy  distribution.  The  pre¬ 
dictions  compare  with  the  data  quite  favorably  In  a 
limited  parameter  regime. 

The  Ion  acceleration  may  be  extendable  to  higher 
energies  If  thinner  anode  foils  are  used  along  with 
stronger  external  magnetic  fields.  These  modifications 
would  allow  for  more  electron  reflecting  and  a  greeter 
electron  density. 


Inferences 


Row  the  Ion  number-energy  relation  can  be  counted 
and  is 

(*)  w-¥[vf-  KJfc  * 

where  H1(Ei)  is  the  number  of  lone  with  energy  1^  and 


By  picking  tha  experimental  ouaberss  t  ■  100  ns 
1(0)  *40  kA  and  Emit  “  800  k,f  for  la4*,  the  aatissl 
logarithm  of  Iq.  (6)ean  then  be  cohered  to  the 
measured  results.  (See  Figure  6.)  The  data  baa  been 
corrected  for  the  lose  of  Ion  energy  (qA#)  et  e 
pounded  detector. 
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COLLECTIVE  ICW  ACCELERATICB  WITH 
AH  INTENSE  RE8  m  A  PERIODIC  WAVEGUIDE 

P.  Spr angle,*  C.  W.  Roberson,* 
and  Cha-Mai  Tang'*' 

Abstract 

A  schaae  to  collectively  accelerate  Ions  from 
1.0  MeV  to  30  MeV  using  a  higher  order  spatial 
harmonic  of  a  variable  period  slow  wave  structure  Is 
described. 

Introduction 


According  to  recent  calculations  it  nay  be 
possible  to  collectively  accelerate  lens  la  the 
potential  wall  of  space  charge  waves  to  OeV  energies 
with  field  strengths  as  large  as  1  HtV/ca  using  a 
.converging  guide  accelerator. 

However,  it  la  difficult  to  obtain  very  low 
Initial  phase  velocities  In  such  an  accelerator, 
unless  the  current  Is  very  close  to  the  Uniting 
current  for  been  propagation.  Hence,  the  converging 
guide  accelerator  requires  an  Ion  Injection  energy 
In  excess  of  30  MeV.  Da  this  paper  the  acceleration 
of  lens  fron  1.0  MeV  to  30  MeV  using  the  n  ■  1  spatial 
harmonic  of  a  variable  length  periodic  slow  wave 
structure  la  discussed.  This  accelerating  configura¬ 
tion  utilizes  a  periodically  loaded  waveguide  to 
effectively  reduce  the  phase  velocity  of  a  negative 
energy  space  charge  wave.  In  the  absence  of  the 
periodic  structure  the  phase  velocity  of  the  space 
charge  wave  la  close  to  the  electron  bean  velocity. 

The  periodic  structure,  however,  "rectifies"  the 
wave  thus  producing  spatial  harmonica.  The  first 
harmonic  has  a  phase  velocity  of  v  » 

^(k  +  2tt/L(z))  where  «  and  k  are  the  frequency  and 
wave  number  of  the  fundamental  wave  and  L  Is  the 
period  associated  with  the  structure.  Tar  L 
sufficiently  small  the  phase  velocity,  v^  can 

be  made  equal  to  the  velocity  of  the  background  ions, 
thus  trapping  the  Ions.  The  trapped  Ions  are  now 
gradually  accelerated  by  slcndy  Increasing  the 
period  as  a  function  of  axial  distance  down  the 
guide. 

The  relativistic  electron  bean  excites 
and  provides  the  energy  to  the  waves  which  accelerates 
the  Iona.  The  zero  order  potential  well  due  to  tba 
apace  charge  provides  redial  confinement  of  the  Ions. 
The  periodic  wall  accelerator  can  be  designed  so  that 
protons  of  1.0  MaV  from  an  ion  diode  connected  to  a 
pulse 'line  driven  by  a  Marx  generator  are  in  resonance 
with  the  a  ■  1  apatiel  harmonic  only.  Eanca,  toe  ions 
see  the  other  harmonica  as  repldly  varying  fields. 

In  this  paper  the  results  from  calculations  e f 
the  dispersion  relation.  Uniting  current,  narlimm 
accelerating  field  and  a  discussion  of  an  cxparlaantal 
configuration  are  presented. 

Analyela  of  Periodic  Wall  Accelerator 

The  elow  wave  structure  is  shown  in  rig.  1)  in 
this  nodal  tba  electron  beam  is  assumed  to  be 
j.w.nMiMiiy.  thin,  Ax  -*  0,  and  constrained  to  move 
solely  la  tba  axial  direction.  All  mere  and  beam 
quantities  are  taken  to  be  Independent  of  the  spatial 
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variable  y.  Wa  further  asaune  that  the  wavelength  of 
the  fundamental  wave  on  the  been  le  much  greater  than 
the  opening  of  the  alot,  io*  The  fields  within  the 
slots  are  approximated  to  be  Independent  of  s.  Tram 
Maxwell' t  equations  end  the  equation  of  notion  we 
can  determine  the  space  and  time  dependence  of  the  s 
component  of  the  electric  field  in  the  three  regions 
of  figure  1  and  the  axial  linear  response  current 
of  the  bean.  Applying  the  boundary  conditions  we 
find  the  dispersion  relation  end  the  ratio  of  the 
field  amplitudes.  The  diapers ion  relation  for  the 
system  depicted  in  Fig.  1  is 


e°t(ff  *21) "  s:  4 


coeh(qnXt)  -  tfqn(PH/qn)^slnh(q||lo)cosh(qaX10) 

ainh(qBXi)  -  AX^P^q^elrm^X^alnh*^)  (x) 

where*®  -  {iytHeinfk^^)/^!^))2;  a  -  0,  ±1, 
±2...;  k^  «  k  +  2tm/L,k  la  the  fundamental  wave  a»- 


ber;  q|j 


<  -  w2/*2;  P*  «  -<  n  -  (<7^)/ 

(•  -  Vn)23J  4  “  I"tI*|2VMo»*o  U  loc*1 

density;  yB  -  (1  -  0®)*^,  0#  -  V^/c. 


Z/..3, 


To  writs  the  dispersion  relation  In  a  nanagabla 
form  we  make  s<mae  simplifying  assimptlans.  If  we 
consider  wavelengths  much  greater  than  the  periodicity, 
l.s.  k  «  2tt/L.  This  allows  to  neglect  all  but  the 
n  *  0  term  an  the  right  hand  side  at  Eq.  (1).  This 
result  can  be  used  as  an  iteration  to  find 

k^  -  k  +  2tt/L. 

It  can  be  shown  from  limiting  current  arguments 

that 

-  SV*20  (2) 

"here  5  -  u 

ratio  at  the  bean  current  to  the  limiting  current, 
JtjO-*2-^andYt-(l-  0®)'^  Is  the  Halting 


Using  Eq.  (2)  and  the  low  frequency  approodna- 
tlons,  l.s.  IqXjJ**  Is  nlgj/e  «  1,  k  ce  1.  The 

dispersion  relation  can  be  written  as  * 


(tk  -  jkjHAk  -  A  kg)  -  -  kV^o^XO 
where  tk  -  k  -  m/V%,  dkg  -  i  £  *  ^  and 


(3) 


a.*** 


The  dispersion  relation  In  (3) 


is  valid  In  the  limit  V#  •»  c 

4/y3u- 


|Ak|  »e/(2orB)  and 


With  the  above  apprariaatlons  so  find  the  ratio 
of  tbs  first  order  harmonic  to  tbs  aero  order  harmonic 
to  bo 


It  :  ^  ■lah(2wXa/L)  •ln(ulo/t) 

tAJC- 


(Ak-A^J/Ak 

(*> 


0  + 


She  tad—  Mwliwtln  electric  field  la 
reached  vban  the  alectrcne  of  the  bear  begin  to  trap 
In  the  ftndwaotal  (n  ■  0)  electric  field  nqqxwrt 
of  the  am.  tte  oneet  of  trapping  booore  ahan  the 


axial  electric  field 


the  value 


*«.o  -  *2(«  ■  V)Z  ke  "  ^2  -fsr 

Aa  an  anaaple  let  ua  ocnelder  the  pa /ana  tar 
reglre  tk.  «  Sk_.  Xhle  decouples  the  slow  been  aa 
elai1  tronagaetle  lode,  the  dispersion  relation  than 


«k  -  SkjXj/C^ 

abate  5  aunt  satisfy  **•  5  ^ 

^W*1*!**  »•  W  «* 


I,  x  •ia(nig/L)  elnh(arXo/L) 

*  TiJS^et-  iCEisa^rcy 


As  an  enable  let  1^1.  ■  },  X#  •  1  ca,  ^  . 
1.2  c*,  X,  -  3.0  ea  and  XgQ  -  2.  theea  aalsee  give 
“  °*2®'  A*  awrtw  field  due  to  trapping 

ftr  r#  •  5i  1  •  1.J  *»  S"  l/10*  Tpfc/o  ■  l/20  t*  ~ 

1.2  MeV/cr.  Bence,  the  accelerating  aawe  bee  the 
■sgnltude,  -  0.33  MaV/en. 


the  calculations  hare  bean  carried  cat  In 
earteelen  ooordlnetae;  however,  thb  results  ere 
approodrstely  correct  for  e  cylindrical  ajratan  with 
a  well  expect  ratio.  To  accelerate  I900  frw  1*0  M 
to  30  MaV  In  reecneaoe  with  the  fleet  epatlal 
Tiaremtr  using  e  frequency  of  1  GBs  requlrae  an 
Initial  period  of  1.5  <a  and  a  final  period  of  6.0  a 
She  rate  of  change  of  the  atreetura  and  the  total 
length  are  dsteadnod  by  the  nailMa  I  field  abere 


the  lone  are  trapped.  Ac  an  enable  the  aoeelere 
field  a a  determined  from,  lb*  (7)  end  (8)  la  Shm 
0.33  NaT/oe  end  the  nlalnn  length  aenld  be  ~  lk. 
A  nore  practical  Unit,  beaed  on  electron  linear 
accelerator!  n  about  200  Bt/m  for  the  fundanantnl 
■w»<e  would  give  a  length  of  —  in, 
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